Background: Haptoglobin (HP) is an acute phase protein that binds to freely circulating hemoglobin. HP exists as two distinct forms, HP1 and HP2. The longer HP2 form has been associated with cardiovascular (CVD) events and mortality in individuals with type 2 diabetes (T2DM). Methods: This study examined the association of HP genotypes with subclinical CVD, T2DM risk, and associated risk factors in a T2DM-enriched sample. Haptoglobin genotypes were determined in 1208 European Americans (EA) from 473 Diabetes Heart Study (DHS) families via PCR. Three promoter SNPs (rs5467, rs5470, and rs5471) were also genotyped.
Introduction
Cardiovascular disease (CVD) is one of the major complications associated with type 2 diabetes mellitus (T2DM). As of 2011, 25.8 million Americans had diagnosed T2DM [1] . More than 50% of individuals with T2DM had coronary heart disease, stroke, or cardiac disease [2] . T2DM is an independent risk factor for development of CVD with the relative risk of CVD mortality of 2.1 in men and 4.9 in women, relative to non-T2DM affected individuals [3, 4] .
There is increasing evidence that genetic and environmental factors contribute to this risk.
Haptoglobin (HP) is a 54 kDa protein, found abundantly in the serum [5, 6] . The HP gene has two major alleles: HP1, (containing five exons) and HP2, (containing seven exons) which likely arose from a duplication event involving exons 3 and 4, producing a 61 kDa protein [6] . In its ancestral form, HP is a dimer, however, the HP 1-2 encoded protein exists as linear polymers containing 2-8 monomers, while the HP 2-2 encoded protein exists as circular polymers of 3-10 Hp monomers [6] . The expanded polymerization in the HP 1-2 and HP 2-2 genotypes is due to the duplication of the multimerization domain in exon 3 [6] . Genotype frequencies vary in different ethnicities. In European Americans (EA) they have been reported as 16% HP 1-1, 48% HP 1-2, and 36% HP 2-2 [5] .
HP may prevent oxidative damage through mechanisms including stabilization of the heme iron within hemoglobin (Hb) [7] . The HP-Hb complex is rapidly removed from circulation via CD163 mediated endocytosis by hepatic Kupfer cells [8] . The HP 1-1 protein is both more efficient than HP 2-2 at preventing oxidation caused by the heme iron [9] and is internalized and cleared from circulation more rapidly; with half lives of approximately 20 minutes and 50 minutes for HP 1-1-Hb and HP 2-2-Hb respectively [10, 11] . Binding of the HP-Hb complex to CD163 induces the production of several cytokines and anti-inflammatory mediators [9, 12] with a much larger production of antiinflammatory mediators induced by HP 1-1 compared to HP 2-2 [13, 14] .
HP has been implicated in both T2DM and T2DM-associated CVD [15, 16] . In the latter context the binding of HP to apolipoprotein A1 (ApoA1) has also been reported [17] . HP binds to ApoA1 in the same location as lecithin-cholesterol acyltransferase (LCAT), subsequently decreasing LCAT activity and therefore limiting high density lipoprotein (HDL) maturation. This inhibits reverse cholesterol transport causing HDL to become proatherogenic [17] . In addition, the tethering of Hb to HDL via the HP-ApoA1 allows the oxidation of HDL and its acquisition of proatherogenic and proinflammatory properties [18] . Due to the multimerization of the Hp 2 protein, individuals with the HP 2-2 genotype have significantly more HP attached to HDL via ApoA1 increasing these properties [11] .
Due to the striking differences in properties of the HP 1 and HP 2 proteins, several studies have investigated the impact of the HP phenotype on CVD risk. There have been differing results when examining different populations and different outcomes. Studies investigating incident CVD in individuals affected by T2DM show an increased risk with the HP 2-2. One study [19] found that individuals with T2DM and the HP2-2 genotype had increased risk for CVD events. In addition, Suleiman et al. in 2005 [20] found that individuals with T2DM and the HP 1-1 phenotype had decreased 30-day mortality and heart failure after acute myocardial infarction compared to individuals with the HP 2-2 phenotype, again suggesting the HP 2-2 phenotype as the risk phenotype. This association was not seen in individuals without T2DM. Indeed similar observations have been made in type 1 diabetes; Simpson et al. [21] found that in individuals with type 1 diabetes the HP 2-2 genotype predicted coronary artery calcification progression, a measure of subclinical CVD. In contrast, in cohorts where rates of T2DM are low or individuals with T2DM excluded, the HP1-1 genotype has been shown to be associated with an increased risk for mortality due to coronary heart disease [22] . Similarly, in the Framingham offspring study the HP 1-2 or HP 2-2 phenotypes were associated with decreased rates of prevalent CHD [23] .
The HP duplication has also been examined for association with T2DM. The role of HP in regulation of inflammation suggests a potential role in T2DM pathogenesis. There are several studies showing that the HP duplication was associated with T2DM risk in different populations [24, 25] .
Thus, the relationship between HP polymorphism and CVD in T2DM-affected individuals is likely complex and association with T2D risk has been documented to a limited degree. Based on these prior studies we hypothesized that if the HP 2-2 genotype is associated with CVD events in people with T2DM, then a similar association would likely be observed with measures of subclinical CVD in predominately T2DM-affected populations. We have taken advantage of the richly phenotyped Diabetes Heart Study [26] (DHS) sample with measures of coronary artery calcification (CAC; or calcified plaque), carotid wall intima-medial thickness (IMT), and blood lipid traits to investigate this hypothesis. Further, the DHS provides a base from which to investigate whether the HP locus is directly associated with T2DM risk.
Methods

Subjects
The DHS is a study of the genetic and epidemiological causes of CVD in individuals with T2DM. Ascertainment, recruitment, and examination have been previously described in detail [26] . Briefly, siblings concordant for T2DM and without serious health conditions, e.g. renal replacement therapy, were recruited. T2DM was defined as diabetes developing after 35 years of age, treatment with insulin and/or oral agents and absence of historical evidence of ketoacidosis. If available, additional non-T2DM affected siblings were recruited simultaneously using criteria above to exclude T2DM. The 1208 DHS EA individuals used in this analysis were from 473 families.
Clinical evaluation
The protocols for this study were approved by the Institutional Review Board at Wake Forest School of Medicine; written informed consent was received prior to participation. Examinations were conducted in the General Clinical Research Center of the Wake Forest Baptist Medical Center, and included interviews for medical history and health behaviors, anthropometric measures, resting blood pressure, electrocardiography, fasting blood sampling and spot urine collection. Individuals reported history of prior CVD based on prior event (angina, myocardial infarction, stroke) and/or intervention (coronary angiography, coronary artery bypass grafting, carotid endarterectomy). CAC, carotid artery calcified plaque (CarCP) and infra-renal abdominal aortic calcified plaque (AACP) were measured using fastgated helical CT scanning, and calcium scores calculated as previously described and reported as an Agatston score [27, 28] . Carotid IMT was measured by high-resolution Bmode ultrasonography with a 7.5-MHz transducer and a Biosound Esaote (AU5) ultrasound machine (Biosound Esaote, Inc., Indianapolis, IN) as previously described [29] . All measurements were not available for all participants.
Mortality
Vital status was determined from the National Social Security Death Index maintained by the United States Social Security Administration. For participants confirmed as deceased, length of follow-up was determined from data of the initial study visit to date of death. For deceased participants, copies of death certificates were obtained from relevant county Vital Records Offices to confirm cause of death. For all other participants the length of follow-up was determined from the date of the initial study visit to January 1, 2011. Cause of death was categorized based on information contained in death certificates as CVD-related (myocardial infarction, congestive heart failure, cardiac arrhythmia, sudden cardiac death, peripheral vascular disease, and stroke) or cancer, infection, end-stage renal disease, accidental, or other (including obstructive pulmonary disease, pulmonary fibrosis, liver failure and Alzheimer's dementia).
Genotyping
Genomic DNA was purified from whole-blood samples obtained from subjects using the PUREGENE DNA isolation kit (Gentra Systems., Minneapolis, MN). DNA was quantitated using standardized fluorometric readings on a Hoefer DyNA Quant 200 fluorometer (Hoefer Pharmacia Biotech, Inc., San Francisco, CA). Each sample was diluted to a final concentration of 20 ng/μL. HP duplication genotyping was performed using paired polymerase chain reactions (PCR). PCR primers, reaction and cycling conditions were performed as described previously by Koch et al. [30] for 10 μL reactions containing 45-60 ng DNA and primers at final concentrations of 0.8 μM for the HP1 and 0.6 μM for the HP2.
PCR products from the two reactions were combined (10 μL of the HP1 product with 5 μL of the HP2 PCR product) and resolved on a 1% agarose gel ( Figure 1 ) which was visualized by staining with 1.4% ethidium bromide and the images captured using an Alpha Imager (Alpha Innotech, San Leandro, CA). Haptoglobin genotypes were called independently by two investigators (JNA and AJC) with 100% concordance between calls. Genotyping also included a total of 29 blind duplicates to allow for evaluation of genotyping accuracy. The concordance rate for these blind duplicates was 100%.
HP promoter polymorphism genotyping
In addition to the classical HP1 and HP2 variants, three single nucleotide polymorphisms (SNPs), rs5467, rs5470, and rs5471, located in the promoter region of HP and previously reported to be associated with circulating HP, were genotyped in the DHS. Genotyping was performed using the Sequenom Mass ARRAY genotyping system (Sequenom, San Diego, CA) and PCR primers were designed using the Mass ARRAY Assay Design 3.4 Software (Sequenom). These SNPs are in low linkage disequilibrium (LD) with each other or with the HP duplication (r 2 ≤0.03) (see Additional file 1). An additional 41 quality control samples were included in the genotyping analysis to serve as blind duplicates. The concordance rate for these blind duplicates was 100%. The minimum acceptable call frequency for all SNPs was 95%. The average call frequency was 98.4 ± 0.001% (mean ± SD). Samples with genotyping efficiency rates <90% were excluded from further analysis.
T2DM-affected cases and controls for analysis of T2DM risk
An additional 606 EA T2DM cases and 985 EA non-T2DM affected controls from an independent study of EA T2DM [31, 32] were genotyped for the HP duplication using the PCR method described above. Thirty-one additional quality control samples were included as blind duplicates. The concordance rate for these samples was 100%. For analysis we combined HP data for unrelated T2DM cases from DHS (n = 473) with T2DM cases from the independent T2DM case sample for a total of 1079 cases. These data were evaluated for association with HP genotypes contrasting with controls without T2DM (n = 985). 
Statistical analysis
HP allele frequencies were calculated for a sub-set of unrelated individuals and departure from Hardy-Weinberg equilibrium was calculated from a group of unrelated samples using a chi-squared goodness-of-fit test. Association between the HP genotypes and subclinical CVD measures was examined using variance component methods computed using SOLAR v4.3.1 (Texas Biomedical Research Institute, San Antonio, TX, USA). Each trait was examined using additive, dominant, and recessive models of inheritance. Continuous variables were transformed prior to analysis to approximate conditional normality. Age, gender, and T2DM-affection status were used as covariates in analysis of quantitative traits. Additional covariates (smoking, hypertension, C-reactive protein, lipid medication use, hypertension medication use, and T2DM duration) were also evaluated, but did not impact the results. Analyses were repeated in the subset of the population that was affected by T2DM. Statistical significance was accepted at p < 0.05. The program SNPGWA (http://www.phs.wfubmc. edu/public_bios/sec_gene/downloads.cfm) [33] was used to test for associations between HP and T2DM risk comparing individuals affected with T2DM (DHS T2DM-affected unrelated individuals [n = 473] and EA T2DM-affected individuals [n = 606]) to the EA non-T2DM affected controls (n = 985). Covariates used in this analysis were age, gender, and body mass index (BMI). Analyses included samples that had genotype and all covariate data.
Results
Characteristics of the DHS sample are summarized in Table 1 including the mean trait values for the overall sample and for each HP genotype group. Briefly, the mean age of the sample was 61.5 years; 1013 individuals (83.86%) were T2DM-affected and slightly more than 50% (643) were female. Overall, the characteristics of the DHS 
CVD associations
HP duplication data was analyzed for association with multiple CVD measures, risk factors, and outcomes: calcified plaque (CAC, CarCP, and AACP), carotid IMT, lipids, prevalent CVD and mortality. The HP duplication was associated with carotid IMT (p = 0.001, Table 2 ). We did not, however, observe a significant association of HP with measures of vascular calcification: CAC, CarCP or AACP (Table 2 ). There did not appear to be any discernable trend of increased calcification in the mean trait values by genotype for any of the three arterial beds (Table 1) . Additional analyses performed in T2DM-affected individuals alone, revealed similar results (data not shown).
A total of 471 (39.0%) individuals in the DHS have a self reported history of prior CVD. This included 72 individuals (42.9%) for HP 1-1, for HP 1-2 genotype 191 (37.8%), and for HP 2-2 208 (38.98%). However, prevalent CVD was not associated with the HP duplication (p = 0.23-0.94; Table 2 ).
The HP2 allele was associated with serum triglyceride concentrations (p = 0.005; Table 2 ). With each additional copy of the HP2 allele, triglyceride concentrations decreased and were on average 10.3 mg/dL lower with the HP2-2 genotype (Table 1 ). In addition, the HP2 allele was not associated with all cause mortality (p = 0.17); however, it was nominally associated with CVD mortality (p = 0.04; Table 2 ). Results were essentially unchanged when analyses were repeated in T2DM affected individuals only (see Additional file 2).
HP promoter polymorphisms
SNPs rs5467, rs5470, and rs5471 were genotyped based on prior reports that they were associated with HP protein concentrations [34, 35] . Each SNP was in Hardy-Weinberg equilibrium. Minor allele frequencies (MAF) were 19.2% for rs5467, 0.04% for rs5470, and 0.08% for rs5471. None of these HP SNPs were associated with any of the subclinical CVD traits, CVD risk factors, events, or mortality ascertained in the current study (see Additional file 3).
HP polymorphism and T2DM risk Table 3 contains the clinical demographics of the T2DM case and control samples. This sample was ascertained and recruited independently from the DHS, but using the same diagnostic criteria for T2DM diagnosis and has been the basis for prior genetic studies of T2DM [31, 32] . Briefly, the mean age of the T2DM-affected case sample was 65.2 ± 9.9 years compared to 53.8 ±15.0 for the non-T2DM controls. Fewer than 50% (n = 299) of cases and greater than 63% (n = 628) of the controls were female.
For all T2DM cases, genotype frequencies were 14.1% HP 1-1, 43.4% HP 1-2, and 42.5% HP 2-2. In non-T2DM controls, genotype frequencies were 15.8% HP 1-1, 50.1% HP 1-2, and 34.1% HP 2-2 (Table 3) . Genotype frequencies in both samples were consistent with Hardy-Weinberg proportions. Individuals with the HP 2-2 genotype were found to be more likely to have T2DM (recessive model OR: 1.49; 95% CI: 1.18-1.86; p = 6.59x10 -4 ). Similar to the DHS analysis of CVD, there was no evidence of association of T2DM risk with HP promoter SNPs in the DHS (data not shown).
Discussion
This study evaluated association of HP gene polymorphisms with subclinical CVD, mortality, and T2DM in 1208 EA individuals from the DHS. The HP 2-2 genotype was associated with increased carotid IMT (p = 0.001, Table 1 ) in this T2DM enriched population. However, we did not observe significant evidence of association between HP genotype and calcified plaque as a different measure of subclinical CVD. An association with triglyceride concentrations was also observed; the HP 2-2 genotype was associated with lower concentrations. The biological mechanism for this latter association is as of yet, unknown. We also observed suggestive evidence for association of the HP duplication polymorphism with CVD related mortality in the DHS. In addition, we found that the HP 2-2 genotype was associated with T2DM status (OR: 1.49; 95% CI: 1.18-1.86; p = 6.59x10 -4 ). Several prior studies have investigated HP polymorphisms and CVD risk in T2DM. In 2002 Levy et al. [19] reported an OR of CVD events in diabetes five times greater with the HP 2-2 phenotype, than with HP 1-1 in a study that included 206 CVD patients and 206 CVD controls (146 and 93 were affected by T2DM, respectively, as part of the Strong Heart Study). In 2004, a subsequent study by Levy et al. [23] included 3273 individuals in the Framingham Heart Study, however only a subset of 433 individuals were affected with T2DM, and of these, only 86 had a history of prevalent CVD. Finally, a 2003 study in individuals with acute myocardial infarction (AMI) reported individuals with T2DM and the HP2 allele had increased mortality following AMI compared to individuals with T2DM and the HP 1-1 genotype (included only 224 T2DM-affected individuals) [20] . In the present study we detected modest evidence of association with carotid IMT, but did not strongly replicate association with history of prior CVD and only nominally with CVD mortality. Parenthetically, IMT and measures of vascular calcification are not highly correlated [26] . The DHS is predominately comprised of T2DM-affected subjects (1013 of 1208 participants). Our primary measures were the subclinical measures of CVD, CAC and IMT which may not be as strongly influenced by HP polymorphism. Of the DHS subjects, 435 were T2DM-affected participants with a history of prevalent CVD, based upon self-reported history and prior intervention which was not associated with HP genotype. The analysis with CVD mortality, a firm endpoint, suggests a possible contribution to risk. Given the association of the HP 2-2 genotype with risk for mortality, it is possible that a survival bias may be present. However, genotype frequencies were consistent with Hardy-Weinberg equilibrium. In addition, the genotype frequencies of the HP duplication in this study were similar to those reported previously [5] .
In prior reports, two promoter SNPs, rs5470 and rs5471 were associated with altered levels of HP expression [34, 35] with rs5471 reported to be associated with the Haptoglobin 1-2 modified (HP1-2mod) phenotype. In individuals with the rs5471 "C" allele and the HP 1-2 genotype, normal expression levels of the HP 1 protein, but decreased levels of HP 2 have been reported [34] . It has been suggested that the decreased levels of HP 2 lead to greater oxidative stress [36] . We did not observe evidence of association for these three genotyped HP SNPs genotyped (rs5467, rs5470, and rs5471) with measures of subclinical CVD, history of CVD, or mortality. One possible explanation is the low MAF for both rs5470, and rs5471 (0.0004 and 0.0008 respectively). The combination of the HP1-2 and the rs5471 SNP has been reported in approximately 10% of African Americans [34] , but we are unaware of reports of the frequency of the HP1-2mod phenotype in other populations. In this study there were no minor allele homozygotes for rs5471, nor rs5471 heterozygotes with the HP1-2 genotype; as such, the Haptoglobin 1-2 modified phenotype is unlikely to have confounded the HP associations described here. In addition, in LD analysis (see Additional file 1) these two SNPs were in low LD with the HP duplication. Thus these two promoter SNPs along with rs5467 probably do not have an impact on CVD or T2DM status. However, there are other SNPs that are known to impact circulating HP concentrations (e.g. rs2000999) [37] that we did not genotype in the current study which may also contribute to the variance in HP and its role in CVD risk. The lack of measured HP concentrations in the DHS and the inability to further control for these additional genetic variants is one limitation of this work. Several previous studies have investigated the effect of the HP polymorphism on T2DM risk. A previous study by Stern et al. in 1986 [24] found that the HP1 allele was associated diabetes risk in Mexican Americans. They found that a single copy of the HP1 allele increased T2DM risk by 50% and a second copy increased risk by 100%. A second report from 2006 by Quaye et al. [25] found that the HP 2-2 phenotype was a risk factor for T2DM in a population in Ghana. The current study had a larger sample size than either of the two previous studies, albeit in a different ethnicity. In this study it was found that EA individuals with the HP 2-2 genotype are more likely to have T2DM with an OR of 1.49. These studies, when combined suggest that HP is a risk gene for diabetes or is in LD with a risk gene. Several studies have shown that the different alleles lead to different levels of circulating HP protein [22, 37] . Higher circulating HP has been suggested to be associated with metabolic syndrome, high blood pressure, and elevated glucose [38] . This could possibly explain the association of the HP polymorphism with T2DM. Different risk alleles across populations are problematic as it could be difficult to assess risk across different populations.
Importantly, the T2DM association may be difficult to further investigate without subsequent data generation since the duplication is not included in the major, publically available, databases. Furthermore, any subsequent studies will require a targeted phenotyping approach either through analysis of HP in serum or genotyping through fragment size analysis as performed in this study, since the duplication is not captured by the current commercially available genome-wide genotyping platforms and does not appear to be tagged by other common polymorphisms [37] . A genome wide association study (GWAS) analysis has been performed in the DHS and LD was analyzed for the HP duplication and the two SNPs on the GWAS chip that are closest to the duplication (rs16973636 and rs2287998). The SNPs were found to have low LD with the duplication with an r 2 of ≤0.01 (data not shown).
